[1] Previous studies of polar glaciers have argued that basal ice can form when these glaciers override and entrain ice marginal aprons that accumulate adjacent to steep ice cliffs. To test this idea, we have studied the morphology, structure, composition, and deformation of the apron and basal ice at the terminus of Victoria Upper Glacier in the McMurdo dry valleys, which are located on the western coast of the Ross Sea at 77°S in southern Victoria Land, Antarctica. Our results show that the apron has two structural elements: an inner element that consists of strongly foliated ice that has a steep up-glacier dip, and an outer element that lacks a consistent foliation and has a down-glacier, slope-parallel dip. Although strain measurements show that the entire apron is deforming, the inner element is characterized by high strain rates, whereas relatively low rates of strain characterize the outer part of the apron. Co-isotopic analyses of the ice, together with analysis of solute chemistry and sedimentary characteristics, show that the apron is compositionally different from the basal ice. Our observations show that aprons may become deformed and partially entrained by advancing glaciers. However, such an ice marginal process does not provide a satisfactory explanation for the origin of basal ice observed at the ice margin. Our interpretation of the origin of basal ice is that it is formed by subglacial processes, which are likely to include deformation and entrainment of subglacial permafrost.
Introduction
[2] Basal ice can be defined as a relatively thin layer of ice that forms at the bed of glaciers. It is physically and compositionally distinctive from ice that is formed from the compaction of snow because it is modified by thermal, deformation and hydraulic processes that operate at the beds of glaciers. Typically basal ice contains debris eroded from the glacier bed, relatively high solute concentrations and gas concentrations that are different from atmospheric values. Understanding basal ice is a significant issue in glaciology and geomorphology because it acts as a rheological control on glacier behavior and it has the potential to provide insights into subglacial geologic processes. Consequently, knowledge and understanding of the characteristics of basal ice has the potential to bridge studies of modern glaciological processes and formerly glaciated landscapes.
[3] Debris-bearing ice has been observed at the base of many polar glaciers that have basal temperatures lower than the pressure-melting point (i.e., glaciers that are cold-based) [Holdsworth, 1969 [Holdsworth, , 1974 Koerner, 1989; Fitzsimons, 1996 Fitzsimons, , 2006 Cuffey et al., 2000a] . These observations provide evidence of subglacial erosion processes which challenge the prevalent assumption in the geomorphological literature that cold-based glaciers are not significant agents of landscape change [e.g., Sugden, 2006; Kleman et al., 2006] . The apparent tension between observations of basal ice in coldbased glaciers and the geomorphological literature may be resolved by the apron entrainment model of basal ice formation [Shaw, 1977] which suggests that debris is entrained at ice margins rather than by subglacial erosion. This model, which is derived from observations of the morphology and structure of the margins of polar glaciers, argues that the basal ice zone in polar glaciers is formed as accumulations of ice and debris (aprons) are overridden by advancing glaciers.
[4] The margins of polar glaciers that terminate on land are often characterized by dramatic cliffs below which frontal aprons of snow, ice blocks, refrozen melt water and debris accumulate [Goldthwait, 1971; Hooke, 1973; Sharp, 1984] . The location of the apron, adjacent to the ice cliff (Figure 1) , means that the apron may form an obstruction to glacier flow and may be overridden during ice advances. On the basis of observations of ice margins in the McMurdo dry valleys, Shaw [1977] suggested that this process plays a significant role in the formation of basal ice and cited the following features as evidence of the process: the bubbly appearance and foliation of basal ice; sorting of the debris inherited from the apron; the approximate conformity of the top of the basal debris and the height of the frontal apron; and tilting of terraces formed at the glacier margin [Shaw, 1977, Figure 5] . Subsequent investigation of the distribution and characteristics of some debris entrained by glaciers in the Canadian high Arctic and Alaska concluded that the structure and arrangement of the debris was consistent with Shaw's apron entrainment model [Evans, 1989; Sharp et al., 1994] . However, Evans concluded that the process of apron overriding remains imperfectly understood. Almost 30 yr after Shaw's initial descriptions the apron entrainment mechanism for basal ice formation has yet to be thoroughly evaluated. Understanding the process is important because if basal ice in cold-based glaciers is derived from apron entrainment it cannot be regarded as evidence of subglacial erosion. If this proves to be the case the divergent views of the role of cold-based glaciers as geomorphological agents outlined above may be reconciled. Alternatively, if apron entrainment does not provide a satisfactory explanation of the origin of the basal ice, we may be able to clarify the source of basal ice and address the question of whether cold-based glaciers can be significant agents of erosion.
[5] The purpose of this paper is to test Shaw's apron entrainment hypothesis through an investigation of the structure, composition and deformation of an apron at the margin of Victoria Upper Glacier, McMurdo dry valleys. The specific question we ask is whether the distinctive debris-bearing ice that crops out at the foot of the terminal cliffs of cold-based glaciers is derived from entrainment and attenuation of the apron. In this paper we use the term basal ice for the debris-bearing ice that crops out at the foot of ice marginal cliffs and apron ice for material that has accumulated at the ice margin. We maintain this distinction for the convenience of testing the hypothesis that basal ice is derived from the apron, recognizing that if the apron is completely overridden it would become a form of basal ice.
Methods
[6] To test the validity of the apron entrainment model we have studied the morphology, structure, composition and deformation of the apron at the margin of Victoria Upper Glacier (Figure 1 ). The topography of the apron was surveyed using a compass, clinometer and tape measure, and subsurface structures were mapped using a PulseEkko ground-penetrating radar (GPR). The radar was used in a broadside configuration (antennae perpendicular to the survey line) with 100 and 50 MHz antennae. The radar wave propagation velocity of the ice and debris was determined by undertaking common midpoint (CMP) surveys and these were used to calculate depth from the two-way travel time. Eight radar lines were surveyed perpendicular to the ice margin, crossing the frozen lake, delta, and apron slope up to the foot of the ice cliff. The GPR data were filtered to remove the transient signal associated with the diffusion of the lowfrequency component of the radar pulse (dewowed), migrated using a scale factor of 0.2 and propagation velocities from the CMP surveys, and topographically corrected to produce the profiles.
[7] Subsurface structures were also examined in a tunnel excavated through the apron using electric chainsaws and demolition hammers. The tunnel was oriented parallel to ice flow and extended 40 m from the toe of the apron to a point beneath the ice cliff. Within the tunnel continuous records of ice deformation were obtained using linear variable displacement transducers (LVDTs) and potentiometers logged every 60 min using Campbell Scientific data loggers powered by deep cycle batteries that were charged with a wind generator. In addition, strain and displacement measurements were made using plumb lines and strain arrays. Each strain array consisted of a rectangle of stainless steel bolts with cones milled into their heads. Measurements of the distances between the bolts were obtained using a digital caliper with a precision of 0.01 mm. The caliper was accurately positioned on the bolts by attaching conical pins to the caliper jaws, which fitted tightly into the cones milled into the bolts. The arrays were resurveyed episodically for up to 3 yr. During this time there was some bulging of the tunnel walls, which could introduce errors related to differences in closure rates with increasing overburden through the length of the tunnel. To minimize these errors, the strain arrays were mounted on the tunnel walls 50 mm above the floor of the tunnel where wall bulging was minimal. The effect of wall bulging was measured by mounting LVDTs parallel and perpendicular to the walls over a period of 1 yr. The flow-perpendicular LVDTs recorded no detectable displacement whereas the LVDTs mounted parallel to flow recorded displacements that increased with increasing distance into the tunnel. Strain rates were calculated from the corners of triangles defined from the strain arrays using a numerical calculation of a Mohr circle on the basis of the method outlined by Ramsay [1967] and used in glaciology by Hambrey and Muller [1978] and Hambrey et al. [1980] . We have followed the convention for principal strain rates that _ e 1 ! _ e 3 , that extension is positive and _ e 3 is always horizontal [Sharp et al., 1988] . Shear strain rate has been calculated as _ g = _ e 1 À_ e 2 2 [Sharp et al., 1988] . If no wall bulging occurred _ e 3 would be zero, which is not the case (Table 1) . However, _ e 3 is about an order of magnitude less than _ e 1 , and both _ e 1 and _ g increase into the tunnel (Table 1 ). Consequently we conclude that tunnel closure has not introduced major errors to the calculation of strain rates.
[8] Samples of basal ice were collected using a chainsaw, with basal ice cut from the foot of the ice cliff, and apron ice samples from locations in the tunnel. The relatively low numbers of samples (20) mean that it is possible that there is a systematic bias between what was sampled and the relative abundance of the different types of ice. However, visual inspection of the samples suggested that a representative sample of debris-bearing and clean ice samples was captured by the random sampling scheme. Although the apron ice is likely to be a mélange of material, a conglomerate structure was visible only in the first 4 m of the tunnel, beyond which the ice structure in the tunnel was homogenized. A sampling scheme using random numbers to locate ice samples in the tunnel was chosen in order to test the hypothesis that the basal ice is derived from homogenized apron ice. Following collection, the frozen samples were returned to the laboratory where they were subsampled in a freezer using a band saw to produce samples of about 50 ml. Although there was some variability in sediment concentration in the basal ice and apron samples, all subsamples contained some dispersed debris.
[9] After subsampling, the ice was melted at room temperature within 10 min of being cut and immediately filtered with 0.45 mm cellulose nitrate filter paper. Several melted samples were left in contact with sediment for up to 2 hours to examine whether the solute load of the water increased with longer exposure times. These experiments demonstrated that after the extended exposure time there was no detectable increase in solute concentrations. The data from this study show that ice samples with greater volumes of debris have lower solute concentrations, which suggests that the solutes were held in the ice rather than on particles. A Foss FIAStar 500 Flow Injection Analyser (FIA) was used to measure the concentrations of chloride and nitrate, and a Varian Spectra 220FS Atomic Absorption Spectrophotometer (AAS) was used to measure the concentrations of sodium, magnesium, potassium and calcium. We have not reported sulphate concentrations because of difficulties experienced with an ion chromatograph. The detection limits of the FIA and AAS vary between 0.12 for Mg 2+ to 0.78 for Ca 2+ and precision ranges from 0.04 to 0.5 (Table 2 ). Hydrogen isotope ratios (dD) were measured using a VG Sira Isotope Ratio Mass Spectrometer using the chromium reduction technique described by Donnelly et al. [2001] . The samples were assayed six times per injection to achieve a precision of 0.5%. The oxygen isotopes were analyzed using the online reduction of liquid water to carbon dioxide by nickelized carbon with a Eurovector EA mass spectrometer according to the method described by Farquhar et al. [1997] . Each sample was measured four times, and the first injection was ignored to reduce any memory effects from previously injected samples. Samples were measured against a standard laboratory reference gas and calibrated using SLAP and SMOW international standards. The precision for this method is 0.1%. The reported ratios are relative to VSMOW.
Results
[10] The margin of Victoria Upper Glacier is characterized by a 40 m cliff, below which a continuous ice apron has formed ( Figure 1 ). The apron has an average slope length of 50 m and is slightly concave upward, with slopes ranging from 10°at the apron foot to 40°adjacent to the cliff (Figure 2 ). The morphology of the slope ranges between a smooth surface formed by refreezing of melt water, to rough accumulations of large ice blocks from recent cliff collapses (Figure 3) . Patches of coarse angular gravel at the top of the apron were deposited by melt of basal ice and thin accumulations of eolian sand have been deposited on the lower slopes (Figures 2 and 3) .
[11] The first 4 m of the tunnel is dominated by a conglomerate ice texture (Figure 4 ), which consists of erratically oriented blocks of bubbly, foliated ice in a matrix of dense, bubble-free ice with occasional sediment particles. A similar texture has been observed in basal ice formed by apron overriding during a surge-induced ice advance at Variegated Glacier [Sharp et al., 1994] . We interpret this assemblage as the product of cliff calving followed by partial melting and refreezing. Between 4 and 20 m the ice has a homogeneous appearance, i.e., it was massive, white ice with very low volumes of dispersed debris. Beyond 20 m in the tunnel and on the upper part of the apron the homogeneous appearance gives way to a layered structure that dips in an up-glacier direction between 35°a nd 65°( Figure 5 ). This ice and the ice exposed at the foot of the cliff are finely laminated, strongly bubble foliated and contain predominantly sand-sized debris arranged in grainthick laminae. Occasional angular pebble to cobble-sized particles and blocks of frozen sand are strongly imbricated parallel to glacier flow ( Figure 5 ).
[12] GPR profiles surveyed across the proglacial area reveal numerous hyperbolae that are probably subsurface boulders (e.g., Figures 6a and 6b) . All of the radar profiles show that topset beds of the ice-marginal delta extend beneath the glacier apron ( Figure 6 ). Some of the topset beds (e.g., Figure 6c ) appear to have experienced shortening, which is consistent with compressive deformation at the glacier terminus. The internal structure of the apron is dominated by slope-parallel, layers that dip in a downglacier direction, which is consistent with observations of surface layering. In contrast, further up the apron the internal structure is dominated by layering that has an upglacier dip (Figure 7 ). Shear strain rates increase into the tunnel except at 20 m where there is a slight decease (Figure 8 ). The increase in shear strain rates is coincident with increasing ice thickness (Table 1) . Ice velocities, measured 2 m above the floor of the tunnel were 0.9 m/a at 20 m, 1.6 m/a at 30 m and 2.2 m/a at the end of the tunnel (40 m).
[13] The solute concentrations of ice samples from the apron are lower than those from basal ice (Table 3) and there are statistically significant differences between values for potassium, sodium, calcium and magnesium (MannWhitney U test with 95% confidence limits). In contrast, the sediment concentrations of the apron ice are greater than values from the basal ice (Table 3 ). The high standard deviation associated with the sediment concentration of the apron ice reflects a bimodal distribution with some samples containing very little debris and a few samples containing up to 20% by volume.
[14] Sixteen samples of ice from the glacier surface were collected to calculate the local meteoric water line (LMWL) which is dD = 8.45 d 18 O + 12.18 (r 2 = 0.98, slope standard error ± 0.1, Figure 9 ). This line is statistically indistinguishable from other meteoric water lines in the McMurdo dry valleys [e.g., Suess Glacier; Lorrain et al. [1999] ] and the world meteoric water line [Rozanski et al., 1993] . Regression of the co-isotopic data from basal ice samples yielded the equation: dD = 8.56 d 18 O + 15.71 (r 2 = 0.88, slope standard error ± 0.1, Figure 10 ). This line is statistically indistinguishable from the LMWL. By contrast samples from the apron plot on the line dD = 6.6 d 18 O -50.71 (r 2 = 0.80, slope standard error ± 0.16) which has a significantly lower gradient than the LMWL and samples from basal ice (Figure 10 ). The isotope data are summarized in Table 4 . Although the deuterium excess of the samples is highly variable the environmental significance of such variability in basal ice remains unknown [Souchez and Lorrain, 2006] .
Discussion

Interpretation
[15] Surface and subsurface mapping show there is a structural discontinuity between the inner and outer parts of the apron. The outer part is characterized by a ''conglomerate'' ice texture, slope-parallel layering and relatively low strain rates, whereas the inner part of the apron is characterized by strongly foliated ice, steep up-glacier layering and relatively high shear strain rates. This discontinuity is also reflected in isotopic data.
[16] Plotting the isotopic data on dD-d 18 O diagrams shows that englacial ice plots on a meteoric water line ( Figure 9 ) and that the isotopic ratios from the apron and basal ice overlap with each other (Figure 10 ). Regression lines show that the basal ice plots parallel to the meteoric water line (Figures 9 and 10 ) and ice from the apron has a slope of 6.6. Following the work of Jouzel and Souchez [1982] and Souchez and Jouzel [1984] we calculate a ''freezing slope'' for an open system to derive the isotopic signature produced by freezing water with a given isotopic composition:
Where d i D and d i
18
O is the isotopic composition of the parent water and a and b, the values of the ice-water equilibrium fractionation coefficients taken as 1.0212 and 1.00291 for dD and d
18 O respectively [Lehmann and Siegenthaler, 1991] .
[17] To calculate a freezing slope we take the intersection to the LMWL and the apron ice slope as the isotopic composition of the parent water as suggested by Souchez and Jouzel [1984] . This value (À269.1% and À33.0% for dD and d
O respectively) yields a slope of 5.60, which lies outside the 95% confidence interval for the empirically determined slope for the apron ice (6.6 ± 0.36). Thus apron ice has not formed by simple freezing of water derived from this meteoric source. However, this approach assumes that all samples are from water of an identical isotopic composition [Sharp et al., 1994 ]. An alternative, and perhaps more realistic, approach is to calculate a ''freezing envelope'' that can be modeled supposing that apron ice could be derived from melting and refreezing of any initial ice encountered at the glacier margin. Such a model can be calculated from the complete isotopic range encountered at the glacier terminus (dD À261.7 and d
O À33.5 to dD À226.7% and d 18 O À31.2%). This produces a ''freezing envelope'' with slopes between 5.66 and 5.47. Clearly the ice from the apron, which plots on a slope of 6.6, lies outside this envelope. The simplest interpretation of a co-isotopic slope that lies between the LMWL and a freezing slope is that the apron consists of a mixed population of meteoric ice and melted and refrozen ice. This interpretation is consistent with the ''conglomerate'' texture observed from thick sections of the apron (Figure 4) , which shows unaltered meteoric ice blocks together with ice formed by refreezing of melt water. Once such a mixed origin ice forms there is no known mechanism for it to evolve isotopically back toward the meteoric slope that characterizes the basal ice. Consequently, the isotopic data suggest the basal ice is not derived from the apron ice.
[18] Taken together the co-isotopic and solute data demonstrate that the apron ice is compositionally distinct from the basal ice. These differences suggest that it is unlikely that the basal ice is derived from entrainment of the glacier apron. Furthermore, the steep dip of the basal ice ( Figure 5 ) suggests that it is being forced to flow over the apron. The contrasting compositional data together with the structural data have shaped our interpretative model, which shows the apron as a proglacial feature (Figure 11 ). By contrast, the basal ice has a distinctive composition, debris 2 ) calculated from strain arrays in the tunnel. The error bars represent uncertainty related to the precision of the digital caliper (±0.01 mm). content and structure, which suggests that it is derived from subglacial processes. Compression at the ice margin at least partly driven by the glacier flowing into the apron has resulted in uplift of the basal ice, which crops out at the foot of the terminal cliff and on the upper slope of the apron. The basal ice is underlain by a wedge-shaped mass of ice and debris that has accumulated at the glacier margin. Although this wedge undergoes deformation it remains structurally and compositionally distinct from the overlying basal ice. Consequently, we conclude that there are two distinct ice types: one derived from a subglacial position and stratigraphically above the glacier apron and the other derived from ice marginal processes in which the proglacial apron has been overridden and partially entrained by the glacier (Figure 11 ).
Comparison with Previous Descriptions of Aprons
[19] In a study of the structure and behavior of the margin of the Barnes Ice Cap Hooke [1973] used ice crystal fabric data to identify an up-glacier thinning wedge of deformed superimposed ice beneath the ice margin. This author argued that an ice-cored ''inner'' moraine forms at the contact between the superimposed ice and the glacier ice at the location where basal ice crops out on the ice surface. Hooke also suggested that debris from the ice-cored moraine may be recycled onto the superimposed ice and overridden by the glacier to produce complex structures at the ice margin. This account of the overriding of superimposed ice and recycling of debris from ice-cored moraines is the foundation of the apron entrainment model.
[20] Although the gentle dome-shaped form of the margin of the Barnes Ice Cap is quite different from the cliff of Victoria Upper Glacier there are some strong structural similarities between the ice margins. At Barnes Ice Cap the location of the inner moraine, between the ice of meteoric-origin and superimposed ice, is similar to the location of the basal ice at Victoria Upper Glacier, which occurs between the apron and the ice of meteoric origin ice in the cliff (Figure 11) . However, at Victoria Upper Glacier the basal ice is associated with patches of debris (Figure 2 ) rather than an ice-cored moraine because of the relatively low debris concentrations and the low emergence velocity of the basal zone.
[21] Although Shaw's apron entrainment model is founded on Hooke's work, in Shaw's model the basal ice is derived from the apron [Shaw, 1977] , whereas at the Barnes Ice Cap Hooke made a clear distinction between the basal ice and the overridden superimposed ice. Shaw suggested four lines of evidence supporting interpretation of the basal ice as the product of apron overriding:
[22] 1. The bubbly appearance and foliation of the ice, which was attributed to air trapped in the apron and the extension of crudely stratified material that accumulates on the apron.
[23] 2. The relative sorting of the debris, which he attributed to sediments that accumulate on the apron.
[24] 3. The approximate conformity of the top of the basal debris zone and the height of the apron.
[25] 4. Tilting of terraces, which he attributed to overturning of the apron. [26] These arguments, however, may not be as compelling as initially thought. For example, the presence of gas bubbles is not direct evidence of apron entrainment because many types of basal ice contain gas [e.g., Hubbard and Sharp, 1989; Lorrain et al., 1999] . Similarly the presence of foliation cannot be regarded as definitive evidence of this process because foliation in basal ice occurs wherever basal ice containing debris is deformed [Hubbard and Sharp, 1989; Knight, 1997] . The relatively well-sorted nature of the debris in basal ice provides, at best, ambiguous evidence of the derivation of basal ice from the apron because the apron is not the only source of well-sorted sediments in the dry valleys. The beds of several glaciers appear to be dominated by fluvial sediments [Fitzsimons et al., 2000] . In addition our observations show that there is no conformity between the top of the basal debris zone and the top of the apron because the top of the apron is consistently below the top of the basal zone (Figure 3) . We interpret the presence of the top of the apron below the top of the basal zone as evidence of the development of an accumulation slope, which is being overridden by the glacier (Figure 11 ), which means that the top of the basal ice is above the top of the apron. Finally, the tilting of terraces at glacier margins in the McMurdo dry valleys is a product of proglacial glaciotectonic deformation [Fitzsimons, 1996; Lorrain et al., 1999] , which may be accompanied by apron formation and deformation, but the two are not necessarily coupled.
[27] Shaw's work on the margins of cold-based glaciers in the McMurdo dry valleys was followed by a model for the structural evolution of glacier margins by Chinn [1991] . This model describes a sequence of ice advance leading to apron overriding, deformation of the overridden ice and debris which is recycled at the base of the glacier to be ''regurgitated'' as a ''shear moraine'' [Chinn, 1991, Figure 4] . Here the use of the term ''shear moraine'' seems similar to the term ''inner moraine'' used by others [e.g., Weertman, 1961; Hooke, 1973] . However, our data suggest this model is incorrect because we can demonstrate that the basal ice is compositionally distinct from the apron ice. In addition our observations in the tunnel suggest that although the apron ice is deforming, there is no visible evidence for the presence of a distinct shear zone. However, differences in the viscosity of basal ice and overridden apron ice at Meserve Glacier [Cuffey et al., 2000b, Figure 2] show that basal ice deforms more rapidly than overridden apron ice, which could be viewed as evidence of the presence of an indistinct shear zone (K. M. Cuffey, personal communication, 2007) .
[28] Although both Shaw [1977] and Chinn [1991] state that the boundary between the basal ice and the apron occurs at the foot of the terminal cliff, our surface and subsurface data demonstrate that the boundary crops out on the upper part of the apron. It appears that Shaw's and Chinn's observations are erroneous because they relied on surface observations. Closer inspection of the subsurface structure has demonstrated surface icings often conceal the contact between basal ice and the overridden apron ( Figure 5 ).
[29] Observations of ice margins in the Canadian Arctic present a quite different view of the process of apron formation, deformation and overriding. Here it appears that aprons can be overridden and entrained together with ice marginal fluvial sediment and stagnant ice during ice advances [Evans, 1989, Figure 10] or when glaciomarine sediments are thrust by advancing ice, and the sediment blocks are subsequently entrained by the advancing glacier terminus [Evans, 1989, Figure 11 ]. Both of these conditions describe ice marginal glaciotectonic deformation processes that appear to operate in conjunction with cliff collapse to produce a compound apron similar to that observed at Suess Glacier in the McMurdo dry valleys [Fitzsimons, 1996] .
[30] The three studies reported above demonstrate that aprons are compound features that reflect the variety of materials and glaciological processes at glacier margins. All these studies, together with the observations from this study, provide evidence that basal ice can form as a result of the overriding and entrainment of proglacial aprons. However, our data are not consistent with the entrainment models proposed by Shaw [1977] and Chinn [1991] because we find no evidence to support the interpretation that the basal ice that crops out at the foot of these glaciers is derived from apron overriding. Conversely, we find several lines of evidence to suggest that there are two distinct basal ice types present at the margin of Victoria Upper Glacier: one from subglacial entrainment of the glacier substrate and one from apron entrainment.
[31] Three main points of geomorphological interest emerge from this study. Firstly, the basal ice observed at glacier margins in the McMurdo dry valleys cannot be solely attributed to the overriding and entrainment of aprons. The notion that debris contained in the basal zones of cold-based glaciers forms only from apron entrainment is contradicted by the results of this study. Furthermore, the presence of debris-bearing basal ice demonstrates that these glaciers erode at least sufficient quantities of material to form their basal ice layers. Although this study has not provided any direct evidence of how this subglacial erosion occurs, an important clue is provided by the presence of frozen blocks of sediment in the basal ice. These blocks suggest that the source of at least some of the sediment entrained at the base of the glacier, are overridden fluvial sediments. Such sediment may be entrained because ice-rich sediment can experience deformation and entrainment if overridden by ice [Fitzsimons, 2006] . Alternatively, it is possible the material has been entrained by the upward migration of pore water through sediments to the glacier sole, although this requires the presence of liquid water beneath the glacier bed [e.g., Christoffersen and Tulaczyk, 2003; Souchez et al., 2004] . Interpretation of basal ice as the product of subglacial erosion beneath a cold-based glacier is inconsistent with recent studies of landscapes that were glaciated during the Quaternary period. For example Kleman [1994] and Kleman et al. [2006] argue that unconsolidated sediments survive glaciation by cold-based ice and Coglan et al. [2002] and Briner et al. [2003 Briner et al. [ , 2006 describe situations in which tors have been preserved despite a complex history of exposure, burial and limited glacial erosion associated with cold-based ice. Resolution of the conflicting views of glacial erosion beneath cold-based ice may lie in recognition that the nature of the glacier substrate acts as an independent control on erosion and entrainment processes. Strong beds such as crystalline bedrock or frozen coarse sediments may be characterized by low rates of erosion, whereas sedimentary beds that contain substantial volumes of ice (e.g., overridden permafrost) may be susceptible to deformation and entrainment by cold-based glaciers. Testing this hypothesis requires observation of the ice-substrate conditions beneath cold glaciers.
[32] The second point of interest to emerge from this study is that the landforms produced at ice margins in the McMurdo dry valleys are likely to preserve sediments from both ice types. Consequently, preservation of structures from basal ice may result in stacking of subglacially derived sediments over sediment entrained at the ice margin. Such sediments may also be characterized by an angular unconformity between the two ice types.
[33] Thirdly, the presence of the apron clearly has implications for the behavior of the glacier terminus because it forms an impediment to flow that results in compression and upwarping of the basal zone of the glacier as it is forced over the apron. Such compression may be linked to the warping and shortening of deltaic sediments that is evident beneath the apron in the GPR profiles.
Conclusions
[34] Ice and debris aprons are common at the front of high-latitude glaciers. They consist of a mixture of ice from cliff calving, refrozen melt water, debris from the glacier, eolian sediment, and the products of proglacial deformation. Isotopic and solute data show that at Victoria Upper Glacier the apron and basal ice are compositionally distinct from each other and that the two types of ice are not genetically linked. This interpretation is supported by surface and subsurface structural data, which show that the basal ice is derived from subglacial processes, whereas the apron is a glacier margin phenomenon. This conclusion is at odds with previous interpretations of apron behavior published by Shaw [1977] , and Chinn [1991] . Although we conclude that the basal ice is not derived from apron overriding, this does not preclude the operation of the apron entrainment process per se. However, apron overriding is likely to produce a stratified ice of limited horizontal extent and a wedgeshaped geometry.
